T
HE exact mechanism for return of cerebrospinal fluid (CSF) from the distal intracranial subarachnoid spaces to the venous system is of considerable clinical importance. The normal mechanism must be known if we are to understand the effects of pathological alterations of the system.
The intracranial arachnoid villi transmit most of the CSF from the subarachnoid space to the superior sagittal sinus and adjacent veins. Some CSF is transmitted from the spinal subarachnoid space into the spinal epidural veins. TM It is probable that some fluid is also absorbed through arachnoid villi related to the optic nerves, r Arachnoid villi and granulations have been examined by light and electron microscopy? ,~~ These studies showed that the venous aspect of the arachnoid villus was completely lined by endothelium. The endothelial cells were joined by tight junctions, and no spaces between the endothelial cells were detected.
Welch and Friedman 12 have suggested that the arachnoid villus could be regarded as "a labyrinth of small tubes which establish open connection between the meninges and the venous blood," and that when the pressure in the subarachnoid space sufficiently exceeds the venous pressure, fluid passes from the subarachnoid space into the veins. The minimum pressure gradient between the distal subarachnoid space and the veins required to transmit fluid through the villus is referred to as the "opening pressure." When the pressure gradient falls or is reversed, the tubes are thought to collapse, thus functioning as valves and preventing blood from passing back into the subarachnoid space. The work of Davson, et al., 4 provides further evidence for the presence of openings between the subarachnoid space and the venous system. These openings were large enough to permit the unrestricted passage of proteins, Large increases in resistance were provoked by introducing whole blood, kaolin, or colloidal graphite into the ventricles. The electron microscopic studies of Jayatilaka 6 suggest that arachnoid granulations have openings that can function as valves. He found no evidence to dispute the possibility that filtration through the intact endothelial membrane might also occur. Potts, et al.? showed that when the absorptive pathways of a recently sacrificed anticoagulated dog are presented with artificial CSF at the rate at which fluid is normally formed during life, the pressure gradient between the cisterna magna and the sagittal sinus is similar to the pressure gradient during life. These experiments suggest that the absorption of CSF is by passive filtration and that the absorptive pathways function fairly normally for at least 1 to 2 hours after sacrifice.
If the arachnoid villi and granulations function as a passive filtration system, the rate of transmission of fluid through that system would be related to the pressure gradient, the resistance of the filter, and the viscosity of the fluid. An increase in the pressure gradient in the appropriate direction would increase the rate of fluid absorption.
If the rate of CSF absorption is to remain constant with alterations in the position of the animal, then the pressure gradient across the villi and granulations should remain constant during those alterations in position. This assumes that the resistance of the absorptive pathways remains constant during the positional changes. Any change in the pressure gradient during positional changes could result in an increased rate of absorption in certain positions and a reduced rate of absorption in other positions. Maintaining an animal in certain positions for a prolonged period could then result in either excessive retention or excessive release of CSF.
This series of experiments was designed to measure the pressure gradient across the arachnoid villi and granulations in dogs and to determine its response to changes in position. The effect of jugular venous compression was also investigated.
Material and Methods
Ten adult mongrel dogs were lightly anesthetized with intravenous sodium pentobarbital. The animals were intubated, and respiration was assisted with a mechanical respirator. The animals were maintained under light anesthesia with a constant drip infusion of sodium pentobarbital. They were placed on a tilting table lying on their right side with the spine and sagittal plane of the skull horizontal. The head was fixed in this position in a stereotaxic frame which was rigidly damped to the surface of the table (Fig. l) . The sagittal sinus was exposed through a midline craniectomy approximately 2 cm in diameter at a point one third of the distance from the torcular to the frontal sinus. This burr hole was extended over an adjacent sulcus on the right or left side of the sagittal sinus.
A very small hole was made in the roof of the sinus, and a polyethylene catheter (inner diameter, 0.023 in. and outer diameter, 0.038 in.) with a tapered tip was inserted perpendicular to the roof of the sinus. 11 The tapered tip fitted firmly in the hole in the dura. This catheter was prefilled with heparinized saline to avoid clotting and reflux of venous blood, and was attached to a Statham P23BB venous strain gauge and a Beckman dynograph.* Another catheter of similar size was also prefilled with saline and attached to a second Statham P23BB venous strain gauge. The end of this catheter was attached to a special needle with a holding device. 2 Radiating grooves were made in the oval base to prevent occlusion of the system by *Statham P23BB venous strain gauge manufactured by Statham Laboratories, Inc., Hato Rey Puerto Rico 00919.
Beckman dynograph manufactured by Beckman Instruments, Inc., 2500 Harbor Boulevard, Fullerton, California 92634.
Drawing of experimental set-up. Dog is lying on his right side with the spineand sagittal plane of the skull horizontal. The head is fixed in a stereotaxic frame, and the transducers are aligned with the superior sagittal sinus. Arrow points to the needle in the cisterna magna. the brain surface; the catheter was inserted over an exposed sulcus through a small incision 2.5 mm in length made in the dura and arachnoid.
An 18-gauge needle was placed in the cisterna magna by percutaneous puncture and was attached to a third Statham P23BB venous strain gauge.
Great care was taken so that no more than a few drops of CSF escaped during insertion of the needles to avoid lowering the true subarachnoid pressure. The dynograph was calibrated to record the sagittal sinus, cisterna magna, and distal subarachnoid space pressures and also to record directly the pressure difference between the distal subarachnoid space and the sagittal sinus on a fourth channel. This reading represented the pressure gradient across the villi and granulations. An averaging circuit was incorporated in the dynograph for the distal subarachnoid space and sagittal sinus channels. The transducers were in alignment with the superior sagittal sinus (Fig. 1 ) , and were calibrated with the sagittal sinus as the zero reference point. The pressures were recorded in the horizontal position until they appeared stable. By tilting the table, the head was elevated 18 ~ . The animal was left in this position for 5 min and then returned to the horizontal position. After 5 min the head was lowered 18 ~ left in this position for 5 min, and then returned to the horizontal position for at least another 5 min. In three dogs the procedure was carried out more rapidly (Fig. 2) .
The jugular venous compression studies were then carried out with the dogs horizontal. The left jugular vein was compressed for 1 min, and then released for 1 min. This procedure was repeated on the right side and then bilaterally while the pressure recordings were continued.
The positions of the needle in the distal subarachnoid space and the sagittal sinus catheter were then verified radiographically (Fig. 3) by injecting Hypaque 75% rapidly during a radiographic exposure. If there was any evidence of leakage the experiment was excluded from the series. The average pressures in the horizontal, head-up, and head-down positions respectively are shown in Table 1 , and the pressures during jugular compression are shown in Table 2 .
Discussion
In all experiments the distal subarachnoid space and cisterna magna pressures exceeded the sagittal sinus pressure in the positions studied. The average gradient between the distal subarachnoid space and the superior sagittal sinus was 6.2 cm of water in the initial horizontal position, 6.5 cm in the head-up position, 6.3 cm after return to the horizontal position, 6.2 cm in the head-down position, and 6.0 cm when finally returned to the horizontal position. There was a marked alteration in the distal subarachnoid space and the superior sagittal sinus pressures as the position was changed. However, these two pressures were almost parallel, and therefore the gradient between them remained almost constant.
In their studies of the isolated arachnoid villi and granulations, Welch and Friedman TM found that the minimum gradient between the distal subarachnoid space and the superior sagittal sinus required to cause a flow of fluid through the villus or granulation was 20 to 50 mm of perfusion fluid. Shuiman, et al., 11 found that the pressure gradient between the cisterna magna and the superior sagittal sinus was 5.7 cm of water in normal dogs. In the course of their studies of the effect of increased intracranial pressure on ventricular size in dogs, Guthrie, et al., 5 found a mean torcular pressure of 9.4 cm of water in the normal dog. The average CSF pressure was 11.7 cm of water. This would represent a gradient of 2.3 cm of water between the CSF and the torcular. This surprisingly low gradient may have resulted from the loss of CSF during puncture of the ventricles or cisterna magna.
The effects of positional changes on CSF pressure have been studied in man by Bradley) He reported that the subarachnoid space pressure at the brain surface near the coronal suture fell when the head was raised and increased when the head was lowered. The patient was supine during these observations. Tilting of the entire body caused similar changes.
The results reported here indicate that the pressure gradient across the arachnoid villi and granulations is relatively constant with the animal horizontal, 18 ~ head-up or 18 ~ head-down. It was found that the loss of quite small quantities of CSF reduced the (Table 2) show a rise of cisterna magna, distal subarachnoid space, and sagittal sinus pressures. These pressure rises were more marked with bilateral than unilateral jugular vein compression. The average pressure gradients between the distal subarachnoid space and the superior sagittal sinus were higher with jugular venous compression than without compression.
Jugular vein compression causes distension of intracranial veins, an outflow of CSF from the intracranial subarachnoid space into the spinal subarachnoid space, and a rise of CSF pressure. 8 Guthrie, et al.p studied the CSF and sagittal sinus pressures after obstruction of the torcular Herophili. Both pressures remained elevated for as long as 29 weeks. Following the venous obstruction the mean sagittal sinus venous pressure was 19.1 cm and the mean CSF pressure was 29.5 cm. The mean pressure gradient was therefore 10.4 cm between the ventricles or cisterna magna and the superior sagittal sinus. This suggests that venous obstruction is followed by a pressure gradient rise for a prolonged period. The precise factors that determine the change in pressure gradient during jugular venous compression require further investigation. During jugular vein compression the CSF pressure rise is probably determined by the cerebral venous pressure rise. The pressure gradient rise suggests that the rise of pressure in the cerebral cortical veins is greater than the rise in the superior sagittal sinus. This could be the result of collateral venous pathways, such as diploic veins, shunting blood from the superior sagittal sinus via routes that do not lead through the compressed jugular veins.
